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Description 



PORTABLE VEHICLE EXHAUST FLOW 

SENSOR 

Background of Invention 

[0001] i. Field of the Invention. The present invention relates to 
systems and methods for measuring exhaust gas flow rate 
of a vehicle. 

[0002] 2. Background Art. An accurate determination of the ex- 
haust gas volumetric flow rate of a vehicle is useful for 
hardware, software, and calibration development in addi- 
tion to testing compliance with various environmental 
regulations. While measurement of exhaust gas flows un- 
der actual operating conditions is preferable, it is often 
impractical with currently available devices. Instead, a ve- 
hicle or engine is operated under controlled conditions to 
simulate actual driving or operating conditions. Vehicle 
exhaust gases exhibit a wide range of flow rates and tem- 
peratures corresponding to varying operating modes and 
ambient conditions, which presents challenges to accurate 



flow rate measurement. Although a number of devices 
have been developed to measure exhaust gas flow rates, 
all have various disadvantages. 
[0003] Hot wire anemometer-type devices have been used to 
provide exhaust gas flow rate measurement but experi- 
ence measurement errors associated with pulsating or re- 
versing flows that may occur during idling of gasoline en- 
gines, for example. In diesel engine applications, these 
devices may experience soot accumulation contributing to 
measurement errors and durability concerns. Conven- 
tional differential pressure devices and laminar flow de- 
vices place one or more obstructions in the exhaust 
stream to generate a pressure drop and determine flow 
based on the differential pressure between upstream and 
downstream pressure transducers. However, these devices 
produce an undesirable increase in back pressure, which 
may adversely affect engine operation and result in mea- 
surements that do not reflect actual operating conditions. 
In addition, laminar flow devices are typically too heavy 
for portable use on a vehicle without additional reinforce- 
ment, contribute undesirable thermal capacity to the sys- 
tem, and do not have the desired operating range for use 
as a portable on-board measuring device. Formation of 



condensation on the flow measuring devices, especially 

during cold starts, may also result in measurement errors. 
Summary of Invention 

[0004] Systems and methods for determining exhaust gas flow of 
a vehicle according to the present invention provide a 
tube for coupling to an exhaust pipe of a vehicle having a 
circular flow restricting element to induce a pressure drop 
based on the exhaust gas flow with an upstream port and 
a downstream port relative to the flow restricting element 
connected to one or more differential pressure transduc- 
ers. A thermocouple extends through a temperature port 
to measure temperature of exhaust gas flowing through 
the tube. A processor in communication with the thermo- 
couple and the differential pressure transducer(s) deter- 
mines the exhaust gas flow based on the differential pres- 
sure and the temperature. 

[0005] Embodiments of the present invention include a method 
for real-time determination of exhaust gas flow through 
an exhaust pipe of a vehicle. One method includes mea- 
suring a pressure difference upstream and downstream of 
a screen, measuring exhaust gas temperature, and deter- 
mining the exhaust gas flow based on the pressure differ- 
ence and the temperature. The exhaust gas flow may be 



determined based on a square root of the quotient of the 
pressure difference and the temperature, based on empir- 
ically determined exponents of the differential pressure 
and temperature, or based on a quadratic equation de- 
pending on the particular application. The screen prefer- 
ably includes sufficient spacing to resist formation of con- 
densation and minimize added back pressure while pro- 
viding a measurable pressure drop to accurately deter- 
mine exhaust gas flow from idle through full throttle op- 
erating conditions. 
[0006] Embodiments of the present invention also include a 

portable exhaust gas flow sensor for real-time on-board 
measurement of exhaust gas flow from a vehicle that in- 
cludes a straight tube for connecting to an exhaust pipe 
of the vehicle. The tube includes a flow restriction element 
to generate a pressure drop as exhaust gas flows across 
the element, an upstream port for measuring pressure 
upstream of the element, a downstream port for measur- 
ing pressure downstream of the element, and a thermo- 
couple port for measuring exhaust gas temperature. One 
or more differential pressure transducers in communica- 
tion with the upstream and downstream ports generate 
signal(s) based on the pressure difference between the 



upstream and downstream ports. A thermocouple in com- 
munication with the thermocouple port generates a signal 
based on temperature of exhaust gas flowing through the 
straight tube. A processor receives the signals from the 
differential pressure transducer(s) and the thermocouple 
and determines exhaust gas flow based on the received 
signals. 

[0007] The present invention provides a number of advantages. 
For example, the present invention provides a portable 
exhaust flow sensor capable of accurately determining 
exhaust gas flows from idle through full throttle in real- 
time. The circular flow restricting element of the present 
invention includes sufficient spaces to resist formation of 
condensation and minimize added back pressure while 
providing an accurately measurable pressure drop for a 
wide range of flows. Systems and methods for determin- 
ing exhaust gas flows according to the present invention 
provide accurate measurement of pulsating or reversing 
flows, such as those that may occur at idle in gasoline en- 
gines. In various embodiments, measurement sensitivity 
across the range of expected exhaust flows is improved 
by using two or more differential pressure transducers. 
Use of a thin screen or similar flow restriction element 



does not significantly increase the thermal capacity of the 
system and facilitates portability compared to conven- 
tional laminar flow measurement devices. 
[0008] The above advantage and other advantages, objects, and 
features of the present invention will be readily apparent 
from the following detailed description of the preferred 
embodiments when taken in connection with the accom- 
panying drawings. 
Brief Description of Drawings 

[0009] Figure 1 is a perspective view of a representative installa- 
tion of a vehicle exhaust gas flow sensor according to one 
embodiment of the present invention; 

[0010] Figure 2 is a partial cut-away view of one embodiment of 
a vehicle exhaust gas flow sensor using a screen to create 
a pressure differential according to the present invention; 

[001 1] Figure 3 is a partial cut-away view of another embodiment 
of a vehicle exhaust gas flow sensor using a condensation 
trap and screen according to the present invention; 

[0012] Figure 4 is a circuit diagram illustrating signal condition- 
ing circuitry for a thermocouple and dual differential 
pressure transducers according to one embodiment of the 
present invention; 

[0013] Figure 5 is a flow chart illustrating operation of a system 



or method for determining exhaust flow according to var- 
ious embodiments of the present invention; 

[0014] Figure 6 is a flow chart illustrating operation of a system 
or method for determining exhaust flow according to one 
embodiment of the present invention; 

[0015] Figure 7 is a plot used in calibrating an exhaust flow sen- 
sor to empirically determine parameters used for calculat- 
ing real-time exhaust flow according to one embodiment 
of the present invention; 

[0016] Figure 8 is another plot used in calibrating an exhaust 

flow sensor to empirically determine parameters used for 
calculating real-time exhaust flow according to one em- 
bodiment of the present invention; 

[0017] Figure 9 is a plot illustrating accuracy of real-time calcu- 
lated exhaust flow relative to a calibrated linear flow ele- 
ment according to one embodiment of the present inven- 
tion; 

[0018] Figure 10 is a flow chart illustrating operation of a system 
or method for determining exhaust flow according to a 
first alternative embodiment of the present invention; 

[0019] Figure 11 is a plot illustrating accuracy of real-time calcu- 
lated exhaust flow using a method as illustrated in Figure 
10 relative to an engine controller calculated exhaust flow 



according to the present invention; and 

[0020] Figure 12 is a flow chart illustrating operation of a system 

or method for determining exhaust flow according to a 

second alternative embodiment of the present invention. 
Detailed Description 

[0021] Figure 1 is a perspective view of a representative installa- 
tion for a vehicle exhaust gas flow sensor according to 
one embodiment of the present invention. As shown in 
Figure 1, exhaust flow sensor 20 includes a tube 22 
adapted for coupling to an exhaust (or tail) pipe 24 of a 
vehicle 26. As explained in greater detail below, exhaust 
flow sensor 20 may be used to measure exhaust gas flow 
and optionally sample exhaust gas for a variety of engine 
types and sizes including gasoline and diesel engines, for 
example. Similarly, exhaust flow sensor 20 may be 
adapted for installation on various types and sizes of en- 
gine exhaust pipes for real-time exhaust flow measure- 
ment during actual operation of the engine, including en- 
gines installed in automotive vehicles, marine vehicles, 
construction vehicles and equipment, etc. 

[0022] | n t he embodiment illustrated in Figure 1, tube 22 of ex- 
haust flow sensor 20 includes a first (upstream) section or 
portion 28, a second (downstream) section or portion 30, 



and a third (tailpipe) section or portion 32. As used 
throughout the description of the invention, "upstream" 
and "downstream" are relative terms with the exhaust 
flowing from upstream toward downstream sections. The 
term "upstream" refers to any element or component lo- 
cated closer to the engine relative to a "downstream" 
component so that the "upstream" element or component 
receives the exhaust flow before an associated "down- 
stream" element or component. Because they are relative 
terms, a single component or section may be referred to 
as upstream relative to one component and downstream 
relative to another. For example, section 30 of tube 22 is 
downstream relative to section 28, but upstream relative 
to section 32. 

[0023] The various portions or sections of tube 22 may be re- 
movably or permanently coupled depending upon the 
particular application and implementation. In the embodi- 
ment of Figure 1, the sections of tube 22 are removably 
coupled using Marman flanges, gaskets or seals (not 
shown), and corresponding clamps 34, 36, and 38. A re- 
movable coupling facilitates placement of a flow restric- 
tion element at clamp 36 between upstream section 28 
and downstream section 30, which induces a pressure 



drop based on the exhaust gas flow as described in 
greater detail below. 
[0024] Tube 22 includes an upstream pressure port 40, a down- 
stream pressure port 42, a thermocouple port 44, and an 
optional exhaust gas sampling port 46. The various ports 
are preferably positioned on the side or top of tube 22 so 
they are not affected by any condensation that may form 
within tube 22. Ports 40, and 42 (and optional port 46) 
preferably include any suitable coupling to removably flu- 
idly couple tube 22 to processing device 60. In the em- 
bodiment illustrated, Teflon tubes 50, 52 are connected to 
threaded couplings fixed to tube 22 to fluidly couple the 
interior of tube 22 to processing device 60. A similar 
threaded coupling is used to hold a thermocouple in port 
44 to measure exhaust gas temperature, with the thermo- 
couple being electrically coupled or in communication 
with processing device 60 via one or more wires or con- 
ductors 62. 

[0025] Processing device 60 preferably includes one or more dif- 
ferential pressure transducers and associated signal con- 
ditioning circuitry (such as illustrated in Figure 4, for ex- 
ample) to generate at least one signal based on the differ- 
ential pressure upstream and downstream of the flow re- 



striction device (not show) placed between sections 28 
and 30. In addition, processing device 60 preferably in- 
cludes thermocouple signal conditioning circuitry and may 
include control logic in the form of circuitry and/or a pro- 
grammed microprocessor to determine exhaust flow 
based on the differential pressure and temperature of the 
exhaust gas. Alternatively, processing device 60 may sim- 
ply condition and amplify the differential pressure and 
temperature signals and communicate the signals (by wire 
or wirelessly) to another processing device or computer 
located in vehicle 26 or remotely that calculates the ex- 
haust flow. Processing device 60 may be located or 
mounted in any convenient location on tube 22 or within 
vehicle 26. 

[0026] | n operation, exhaust flowing from vehicle 26 through 

tailpipe 24 flows into upstream section 28 of tube 22 and 
through a circular flow restriction element positioned 
within tube 22 at clamp 36 creating a differential pressure 
between upstream port 40 and downstream port 42. The 
temperature of the exhaust gas flowing through down- 
stream section 30 is measured by a thermocouple passing 
through port 44. Processing device 60 includes at least 
one differential pressure transducer and associated cir- 



cuitry to generate a signal based on the differential pres- 
sure between upstream port 40 and downstream port 42, 
which varies based on the exhaust flow and temperature. 
Processing device 60 or an associated computer then de- 
termines be exhaust flow based on the differential pres- 
sure and the temperature as described in greater detail 
below. 

[0027] Figure 2 is a partial cut-away view of one embodiment of 
a vehicle exhaust flow sensor using a screen to create a 
pressure differential according to the present invention. 
The exhaust gas sensor of Figure 2 includes a straight 
tube or pipe 80 adapted for coupling to the exhaust pipe 
of a vehicle using an elastomeric boot 82, preferably con- 
structed of high temperature silicone rubber. In this em- 
bodiment, tube 80 includes an upstream section 84 and a 
downstream section 86 permanently connected by a cir- 
cumferential weld 90. During assembly of upstream sec- 
tion 84 and downstream section 86, a flow restriction ele- 
ment 92 is placed between the sections and held in place 
by weld 90. In this embodiment, the flow restriction ele- 
ment is implemented by a screen, preferably constructed 
of stainless steel or nickel chromium. As illustrated in Fig- 
ure 2, screen 92 or other flow restriction element is 



preferably a circular element that extends across a cross- 
sectional area of tube 80 and includes a plurality of 
strands or wires arranged in an array with the spacing se- 
lected to reduce or eliminate formation of condensation 
under normal operating conditions, while providing a 
measurable differential pressure for exhaust flows ranging 
from engine idle to full throttle. In addition, the flow re- 
striction element should be selected to minimize in- 
creased back pressure which may otherwise affect opera- 
tion of the engine and lead to measurements which do not 
accurately reflect actual operating conditions. Use of a 
straight tube may help to stabilize the additional back 
pressure created by the exhaust flow sensor. 
[0028] As illustrated in Figure 2, use of a screen or similar ele- 
ment provides a circular or disk-shaped flow restriction 
element having regularly spaced openings. For one repre- 
sentative application, a six mesh stainless steel screen 
constructed using stainless steel wire having a diameter of 
0.035 inches (0.889 mm) and openings of 0.1317 inches 
(3.345 mm) was used to provide an opening or flow area 
of 62.7% of the cross-sectional area of tube 80. The rela- 
tively thin flow restriction element implemented by a 
screen resulted in an increase of back pressure of approx- 



imately 5.2% which is within the range of normal baro- 
metric pressure variation. In addition, formation of con- 
densation was reduced or eliminated so that it did not ad- 
versely affect the accuracy of flow measurements. For a 
typical automotive application, a screen mesh often or 
less is preferred to provide a flow area or spacing of be- 
tween 60 and 65% of the cross-sectional area of the tube. 
However, those of ordinary skill in the art will recognize 
various alternative implementations of a flow restriction 
element having the characteristics of the screen described 
with respect to the representative embodiment consistent 
with the teachings of the present invention. Construction 
of the flow restriction element including material proper- 
ties and spacing of apertures may vary depending upon 
the expected flow ranges, the sensitivity of the differential 
pressure transducer(s), composition of the exhaust gas, 
desired measurement accuracy, etc. 
[0029] As also illustrated in Figure 2, straight tube 80 includes an 
upstream port 94 (relative to screen 92) and a down- 
stream port 96 (relative to screen 92). A thermocouple 
port 98 may be positioned anywhere along tube 80 but is 
preferably positioned downstream of port 96 as shown. 
An optional gas sampling port 100 may also be provided, 



if desired, for sampling and analysis of the exhaust gas by 
an optional exhaust gas analyzer 140 connected to port 
100 via fluid coupling 142. The volumetric flow rate de- 
termined by the present invention can be used to deter- 
mine mass flow or mass of exhaust gas components 
based on concentrations detected by analyzer 140, if de- 
sired. Upstream pressure port 94 is in communication 
with processing device 110 via a flexible or rigid fluid 
coupling 102 while downstream pressure port 96 is in 
communication with processing device via a flexible or 
rigid fluid coupling 104. Depending upon the particular 
application, processing device 110 may include one or 
more differential pressure transducers. In the embodiment 
of Figure 2, a first differential pressure transducer 112 is 
used to detect a first range of exhaust flows while a sec- 
ond differential pressure transducer 114 is used to detect 
a second range of the exhaust flows. The detection range 
of second differential pressure transducer 114 may over- 
lap the detection range of first differential pressure trans- 
ducer 112. For example, in one embodiment, first differ- 
ential pressure transducer 112 detects differential pres- 
sures between 0.0- 0.1 inches of water ("H 2 0) and gener- 
ates a corresponding output signal of 0.0-5.0 volts (V), 



while second differential pressure transducer 114 detects 
differential pressures between 0.0-25.0 inches of water 
("H 2 0) and generates a corresponding output signal of 
0.0-5.0 volts (V). 
[0030] Processing device 110 may also include thermocouple cir- 
cuitry 116 to process a temperature signal generated by 
thermocouple 106, which preferably extends into the 
middle of the exhaust flow, and communicated to pro- 
cessing device 110 by one or more wires 108. Processing 
device 110 may generate, condition, and amplify analog 
and/or digital signals which are provided to computer 120 
to determine or calculate the exhaust flow. The signals 
preferably include a temperature signal and one or more 
differential pressure signals depending upon the number 
of differential pressure transducers. Computer 120 in- 
cludes control logic in the form of hardware and/or soft- 
ware to determine exhaust flow based on the differential 
pressure and temperature signals. Depending upon the 
particular application and implementation, the differential 
pressure and temperature signals may be communicated 
via one or more wires as analog or digital signals, or wire- 
lessly using proprietary or standard communication pro- 
tocols. Although illustrated as a separate device, the func- 



tions of computer 120 may be incorporated into process- 
ing device 110 if desired. Computer 120 preferably in- 
cludes a microprocessor 122 in communication with one 
or more types of computer readable storage media 124. 
The computer readable storage media may include a ran- 
dom-access memory (RAM) 126, a read-only memory 
(ROM) 128, and a keep-alive memory (KAM) 130, for ex- 
ample. The computer-readable storage media may be im- 
plemented using any of a number of known temporary 
and/or persistent memory devices such as PROMs, 
EPROMs, EEPROMs, flash memory, or any other electric, 
magnetic, or optical memory capable of storing data, 
code, instructions, calibration information, operating vari- 
ables, and the like used by microprocessor 122 in deter- 
mining exhaust flow according to the present invention. 
Although the flexibility afforded by a microprocessor is 
preferred, those of ordinary skill in the art will recognize 
various alternative implementations for calculating ex- 
haust flow according to the present invention using dedi- 
cated processing circuitry that may be particularly suited 
to a specific application, which may include application 
specific integrated circuits (ASICs) or various types of 
programmable gate arrays (PGA's) for example. 



[0031] Figure 3 is a partial cut-away view of another embodiment 
of a vehicle exhaust gas flow sensor using a condensation 
trap and screen according to the present invention. In the 
embodiment of Figure 3, straight tube 150 includes a ta- 
pered or stepped section 152 adapted to engage or cou- 
ple with an engine exhaust pipe. Tube 150 includes a first 
section 154, second section 156, and third section 158. 
First section 154 is permanently joined to second section 
156 by a circumferential weld 160. During assembly, a 
condensation trap is installed in either first section 154 
and/or second section 156. As illustrated in Figure 3, a 
preferred implementation of a condensation trap includes 
a conical screen 170 positioned with its apex upstream 
and base downstream. In addition, a baffle 174 is pro- 
vided to reduce or eliminate splashing or migration of 
condensate downstream of baffle 174. In one embodi- 
ment, a 100 mesh conical screen constructed of stainless 
steel was used to trap condensation. Of course the partic- 
ular implementation may vary depending upon the appli- 
cation and operating conditions. 

[0032] As also illustrated in Figure 3, second section 156 is per- 
manently joined to third section 158 by a circumferential 
weld 162. During assembly, a flow restriction device 172 



is inserted between second section 156 and third section 
158 and may also be held in place by weld 162. Tube 150 
includes an upstream pressure port 176, a downstream 
pressure port 178, and a temperature port 180 but may 
be used to determine a differential pressure across re- 
striction element 172 and temperature of the exhaust gas, 
respectively. Ports 176, 178, and 180 may be connected 
to an appropriate processing device or computer to deter- 
mine the exhaust flow based on the differential pressure 
and temperature according to the present invention. 

[0033] Figure 4 is a circuit diagram illustrating representative 

signal conditioning circuitry for a thermocouple and par- 
allel differential pressure transducers according to one 
embodiment of the present invention. In this embodiment, 
thermocouple processing circuitry 200 uses a diode 202 
to generate a desired cold junction reference voltage for 
the thermocouple. A temperature signal is received from 
the thermocouple, which preferably extends to the center 
of the exhaust flow, at inputs 206 and 208. The signal is 
amplified and filtered by amplifier 204 to provide a tem- 
perature output signal at 210 of five millivolts (mV) per 
degree Celsius (C). 

[0034] a s a | so illustrated in Figure 4, fluid couplings simultane- 



ously transmit pressure from the upstream (P^ and down- 
stream (P 2 ) pressure ports of the straight tube to a first 
differential pressure transducer 212 and a second differ- 
ential pressure transducer 214. Each pressure transducer 
212, 214 simultaneously measures the differential pres- 
sure across the flow restriction element of the flow sensor 
and generates a corresponding voltage signal that is fil- 
tered and amplified by associated circuitry 220 and 222. 
Corresponding analog output voltage signals are provided 
at 224 and 226. In one preferred embodiment, differential 
pressure transducer 212 (manufactured by Omega, Model 
PX653-0.1D5V) is used to measure a first range of ex- 
haust flows with differential pressure transducer 214 
(manufactured by Omega, Model PX653-25D5V) used to 
measure a second, higher range of exhaust flows. The 
temperature signal and two differential pressure signals 
may then be converted from analog to digital signals by 
any appropriate analog to digital converter (not shown) 
within the processing device or computer, such as a Model 
PCM DAS16/16 AO manufactured by Measurement Com- 
puting Corp., for example. The digital signals are then 
communicated to control logic to determine the exhaust 
flow in real-time. 



[0035] The diagrams of Figures 5, 6, 10, and 12 generally repre- 
sent operation of a system or method for determining ex- 
haust flow according to embodiments of the present in- 
vention. Preferably, the illustrated logic is implemented 
primarily in software executed by a microprocessor-based 
computer or controller. Of course, the logic may be im- 
plemented in software, hardware, or a combination of 
software and hardware depending upon the particular ap- 
plication. When implemented in software, the logic is 
preferably provided in a computer-readable storage 
medium having stored data representing instructions exe- 
cuted by a computer to determine the exhaust flow of an 
engine in real time. The computer-readable storage 
medium or media may be any of a number of known 
physical devices which utilize electric, magnetic, and/or 
optical devices to temporarily or persistently store exe- 
cutable instructions and associated calibration informa- 
tion, operating variables, and the like. As will be appreci- 
ated by one of ordinary skill in the art, the diagrams may 
represent any one or more of a number of known software 
processing strategies such as event-driven, interrupt- 
driven, multi-tasking, multi-threading, and the like. As 
such, various steps or functions illustrated may be per- 



formed in the sequence illustrated, in parallel, or in some 
cases omitted. Likewise, the order of processing is not 
necessarily required to achieve the objects, features, and 
advantages of the invention, but is provided for ease of il- 
lustration and description. Although not explicitly illus- 
trated, one of ordinary skill in the art will recognize that 
one or more of the illustrated steps or functions may be 
repeatedly performed. 
[0036] Figure 5 is a flow chart illustrating operation of a system 
or method for determining exhaust flow according to var- 
ious embodiments of the present invention. The exhaust 
flow sensor is calibrated using known flows and tempera- 
tures to determine various parameters used in the real- 
time determination of exhaust flow as represented by 
block 300. During operation of the exhaust sensor, differ- 
ential pressure across a screen or other flow restriction 
element is measured as represented by block 302. The 
differential pressure may optionally be measured with a 
first transducer selected for a first flow range as repre- 
sented by block 304 as well as one or more additional 
transducers selected for other flow ranges as represented 
by block 306. The temperature of the exhaust gas is then 
measured as represented by block 308. The exhaust gas 



flow is then determined based on the differential pressure 
and temperature as represented by block 310. For appli- 
cations that utilize more than one differential pressure 
transducer, a pressure measurement signal may be se- 
lected corresponding to a current flow range as repre- 
sented by block 312. Selection of a particular pressure 
measurement also includes combining one or more pres- 
sure measurements, such as taking an average for exam- 
ple. Alternatively, a single one of the pressure measure- 
ments may be selected to determine the exhaust gas flow. 
For example, in one embodiment using parallel differen- 
tial pressure transducers, the first transducer measures 
differential pressures ranging from 0-1 "H 2 0 correspond- 
ing to a first flow range and generates an output of 0-5 
volts (V). The second transducer measures differential 
pressures ranging from 0-28 "H 2 0 corresponding to a 
second flow range and generates an output of 0-5 volts 
(V). The signal from the first pressure transducer is se- 
lected for determination of the exhaust gas flow until it 
approaches its measurement limit or saturation, i.e. 4.9 
volts (V) in this example. The signal from the second 
pressure transducer is selected for determination of the 
exhaust gas flow when the signal from the first transducer 



exceeds 4.9 volts (V). 
[0037] Figure 6 is a flow chart illustrating operation of a system 
or method for determining exhaust flow using an expo- 
nential instrument function according to one embodiment 
of the present invention. In the embodiment of Figure 6, 
real-time exhaust flow is calculated according to: Flow = 
KAP x T y where AP represents the differential pressure, T 
represents the temperature of the exhaust, K is an empiri- 
cally determined constant, and x and y are empirically de- 
termined exponents. The sensor is calibrated using known 
flows and temperatures to empirically determine the pa- 
rameters K, x, and y used in the real-time determination 
of exhaust flow. Zero corrected differential pressure read- 
ings are taken across a flow restriction element using 
known flows and a constant temperature as represented 
by block 400. Differential pressure readings with a con- 
stant known flow in varying exhaust gas temperatures are 
then recorded as represented by block 402. This step is 
then repeated for a number of constant known flows 
across the expected operating range. The differential 
pressure readings and known flows of step 400 are used 
to determine the slope of log(flow) as a function of 
log(differential pressure) as represented by block 404, 



with the slope corresponding to the empirically deter- 
mined value for the exponent "x". A representative plot 
used to determine a value for "x" based on the slope is il- 
lustrated in Figure 7 with data points 240 used to fit a lin- 
ear curve and determine its slope. In the example illus- 
trated in Figure 7, curve fit line 242 is represented mathe- 
matically by: a=0.5222b + 2.2663 where "a" and "b" are 
the ordinate (vertical ory-axis coordinate) and abscissa 
(horizontal or x-axis coordinate), respectively, and which 
has a slope of 0.5222 for the value of the exponent "x". 
[0038] As represented by block 406 of Figure 6 and illustrated in 
Figure 8, a value for the exponent "y" is determined based 
on the average slope of lines corresponding to log(flow) 
xlog(differential pressure) as a function of 
log(temperature) with the temperature in degrees Kelvin 
for each data point and known flow condition determined 
in step 402. As illustrated in Figure 8, each series of data 
points 250, 252 corresponding to measured differential 
pressures for a known flow (low flow and high flow in this 
example) and varying temperature is plotted for each of 
the known flows. The value of the exponent "y" is then 
determined based on the average slope for the selected 
flows. In the example illustrated in Figure 8, a linear curve 



fit 254 is represented mathematically as a=-0.5167b - 
3.5894, which has a slope of -0.5167 corresponding to 
the empirically determined value for the exponent "y"- 

[0039] As represented by block 408 of Figure 6, a value for the 
constant "K" is determined using the values of "x" and "y" 
by averaging K's determined at each data point of step 
400 according to: K = Flow/AP x T y . A representative em- 
pirically determined value for "K" based on the examples 
described above and data illustrated in Figures 7 and 8 is 
3578. Using the empirically determined values for the 
constant "K" and the exponents "x" and "y'\ the real-time 
exhaust flow can then be calculated or determined based 
on the measured differential pressure and exhaust gas 
temperature during actual operation of the engine and/or 
vehicle as represented by block 410. 

[0040] Figure 9 is a plot illustrating accuracy of real-time calcu- 
lated exhaust flow relative to a calibrated linear flow ele- 
ment (LFE) according to one embodiment of the present 
invention. The calculated flow in liters/second was deter- 
mined using the empirically determined parameters de- 
scribed above according to: Flow = 3578 ap°" 5222 t~ 0 " 5167 . 
The calculated exhaust flow correlates well with the cali- 
brated linear flow element as illustrated by linear curve fit 



line 262 through data points 260 with an R value of 
0.9997. 

[0041] Figure 10 is a flow chart illustrating operation of a system 
or method for determining exhaust flow based on a 
quadratic calibration according to a first alternative em- 
bodiment of the present invention. The embodiment illus- 
trated in Figure 10 may be more susceptible to instru- 
ment-to-instrument measurement variation than the em- 
bodiment illustrated in Figures 6-9, however it has the 
ability to be more easily adjusted or calibrated in the field. 
The embodiment illustrated in Figure 10 determines the 
exhaust flow based on a quadratic calibration represented 

2 

by the general equation: AP = AF + BF , where F repre- 
sents the flow at standard (or desired) conditions, A and B 
are constants and AP is the differential pressure across 
the flow measuring element. The "standard" or "desired" 
reference conditions may vary based on the particular ap- 
plication. For example, standard conditions for vehicle 
engines are a pressure of 758 mm Hg and temperature of 
100°F, while for other applications, standard conditions 
may be 760 mm Hg and 0°C, for example. 
[0042] As represented by block 500 of Figure 10, A and B are 
calculated at standard reference conditions with known 



flows and known temperatures. A is best determined 

K STD 

from a low flow point and B is best determined from a 

K STD 

high flow point. Differential pressure readings are ob- 
tained using a constant known flow and varying exhaust 
gas temperatures as represented by block 502. This step 
is then repeated for one or more additional known flows. 
An average slope is determined from plots of log(flow) 
log(differential pressure) as a function of log(temperature) 
for each known flow using the data points from step 502 
as represented by block 504. The average slope, "Y", is 
used to determine a value for a constant, "K" for each data 
point according to: 
[0043] K = (T /T )" 2Y (P /P ) as represented by block 

STD Actual Ambient STD r 7 

506. During real-time measurement of the exhaust flow, 
each differential pressure measurement is corrected to the 
standard or desired reference conditions by multiplying by 
"K" as represented by block 508 during calculation of the 
real-time flow (F) according to: 

[0044] ( I 2 W \ 

F = \y A sTD +4B STD KAP -A STD )/{2B STD ) 
[0045] as represented by block 510. 

[0046] Figure 11 is a plot illustrating accuracy of real-time calcu- 
lated exhaust flow using a method as illustrated in Figure 



10 relative to an engine controller calculated exhaust flow 
according to the present invention. Line 270 represents 
the calculated flow using a quadratic calibration while line 
272 represents the flow calculated by the engine con- 
troller. Line 274 represents the temperature of the ex- 
haust gas flowing through the flow sensor. As illustrated 
in Figure 10, exhaust flow determined using a quadratic 
calibration according to the present invention provides 
good correlation with the exhaust flow calculated by the 
engine controller over a wide range of flows. 
[0047] Figure 12 is a flow chart illustrating operation of a system 
or method for determining exhaust flow based on a 
square root instrument function according to a second al- 
ternative embodiment of the present invention. The in- 
strument function used in the embodiment of Figure 12 is 
an approximation of the instrument function used in the 
embodiment of Figures 6-9 and may provide acceptable 
results for many applications and is easier to calibrate. 
The square root instrument function for the flow sensor 
according to the present invention is described by the fol- 
lowing general equation: 

[0048] l 

Flow - KjAP/T 



[0049] with the constant "K" empirically determined by first de- 
termining zero corrected differential pressure readings 
with known flows and known temperatures as represented 
by block 600. A "K" is then determined for each flow and 
temperature according to: 

[0050] I 

K = Flow I VA/ 3 / T 

[0051] as represented by block 602. An average "K" is then cal- 
culated as represented by block 604. The real-time ex- 
haust flow can then be determined using the general 
equation with the empirically determined value for "K" and 
differential pressure and temperature readings obtained 
during operation of the engine as represented by block 
606. 

[0052] a s such, the present invention provides a portable ex- 
haust flow sensor capable of accurately determining ex- 
haust gas flows from idle through full throttle in real-time 
using a circular flow restricting element, such as a screen, 
to provide an accurately measurable pressure drop for a 
wide range of flows while resisting formation of conden- 
sation and minimizing added back pressure. Furthermore, 
use of a thin screen or similar flow restriction element 



does not significantly increase the thermal capacity of the 
system and facilitates portability compared to conven- 
tional laminar flow measurement devices. 
[0053] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



